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For almost 30 years, Wnt proteins have been known as key regulators of many developmental deci-
sions, including the formation of the embryonic axes, patterning of the CNS, limb bud outgrowth
and segment polarity. However, live cell imaging of active Wnt proteins was rarely reported.
Here, we have generated a Wnt2b–EGFP fusion protein that retains functionality in bona ﬁde Wnt
activity assays, although the secreted protein is rapidly cleaved by extracellular proteases. We can
show with this new tool that Wnt2b–EGFP moves along the microtubules of Wnt producing cells
and that this directed movement is essential for the secretion of active Wnt protein.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction clear. It also remains elusive whether the shape of the gradient isSince 1987 Wnt proteins are known to be the vertebrate homo-
logues of the Drosophila segment polarity gene wingless [1]. Mean-
while, a total of 21 wnt genes have been identiﬁed in vertebrates
(http://www.stanford.edu/%7Ernusse/wntwindow.html), trigger-
ing at least four different signalling pathways [2], which, in a mod-
ern point of view are considered as a Wnt signalling network [3,4].
Posttranslational modiﬁcation of Wnts starts in the endoplas-
mic reticulum with acylation of speciﬁc cysteine and serine resi-
dues (C77 and S209 in mWnt3A) supported by the multipass
transmembrane, resident ER protein Porcupine [5,6]. This acylation
is presumed to regulate Wnt secretion, Wnt activity and Wnt gra-
dient formation. Thereby, it guarantees signalling in a paracrine
manner [5,7–10]. Glycosylation, although highly conserved, seems
to be less important for Wnt secretion and function.
The protein Wntless, also known as Evenness interrupted (Evi)
and Sprinter, which is mainly localized in the golgi apparatus,
the endosomes and the plasma membrane, is required for Wnt
secretion [11–13]. Recently, it has been shown that Wntless is also
involved in the secretion of recycled Wnt proteins passing the retr-
omer complex [14]. When overexpressed, newly synthesized Wnt
proteins are often found inside the producing cell, indicating that
processing and secretion are highly regulated processes [15].
Once secreted, Wnts may require the passage via the retromer
complex prior to acting as a morphogen, as shown inCaenorhabditis
elegans [16] and Drosophila [17]. Active Wnt protein can form gra-
dients and direct cells to distinct fates depending on the distance to
a Wnt source [18]. Whether this gradient is built up by paracellular
diffusion, cytonemes, argosomal transport or transcytosis is not yetchemical Societies. Published by Elinear or hyperbolic.
Since 2007 it has been postulated that activation of the Wnt/b-
Catenin pathway results in the internalization of activated lrp and
generation of an intracellular signalosome [19]. However, up to
now it has not been clariﬁed whether Wnt proteins are part of
the signalosome and thus are internalized together with activated
receptors, or whether Wnt proteins remain at the membrane and
induce a transient ampliﬁcation step resulting in multimerized
phosphorylated lrp [20]. This signalosome somehow leads to
sequestering GSk3b in multivesicular bodies [21].
Although Wnt signalling pathways belong to the best-studied
signalling pathways, live cell imaging of Wnt secretion, Wnt recep-
tion and gradient formation has not been reported so far. The dif-
ﬁculties in gaining functional ﬂuorescently tagged Wnt proteins
are most likely associated with the structural properties and
posttranslational modiﬁcations of these growth factors. The 23–
24 conserved cysteine residues and the covalent linkage of fatty
acids and sugars to –SH, –OH and –NH2 groups on the protein
backbone hamper the covalent conjunction of ﬂuorescence dyes
like Alexas, porphyrins or nano dots, without interfering with
Wnt functionality.
We have managed to generate a Wnt2b–EGFP fusion protein
that retains functionality. We observed distinct dynamic Wnt pop-
ulations in the Wnt producing cells and demonstrate an impact of
microtubule transport on Wnt activity.
2. Materials and methods
2.1. Constructs
Super TOPFlash [22], GAP43-mCherry [23], Xwnt2b–EGFP [24],
zWnt8-GFP [25] and mWnt3A [10] are as previously described.lsevier B.V. All rights reserved.
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was additionally tagged with ﬁve C-terminal histidin residues
(Xwnt2b–EGFPHis). Constitutive active b-Catenin S33A in pCS2
was kindly provided by Otmar Huber, mRFPrubyLiveact was from
Roland Wedlich-Soeldner. Tubulin-Cherry was subcloned in
pcDNA3.1. Human b-Catenin was fused to an N-terminal, Xenopus
dishevelled to a C-terminal EosFP photoconvertable ﬂuorophore
(EOSbCatenin and dshEOS). The ORF of luciferase in SuperTOPFlash
was replaced by mCherry (SuperTOPmCherry) and H2bmCherry
(SuperTOPH2bmCherry).
2.2. Wnt activity assays, STF assay and secondary axis assay
Capped mRNAs were transcribed in vitro from linearized DNA
templates using mMESSAGE mMACHINE (Ambion). Indicated
amounts of mRNA were injected into the marginal zone of both
ventral blastomeres of Xenopus 4-cell stage embryos. The embryos
were staged according to [26] and kept and ﬁxed as described [27].
Reporter gene assays in transfected HEK293 cells were as describedFig. 1. Fluorophore-tagged Wnts are active. (A) 450 pg Xwnt2b–EGFP mRNA and 100 pg
embryos. Two days after injection a green ﬂuorescent ectopic axis (arrow) was visible.
HEK293 cells. Shown is the fold activation normalized to the cotransfected CMV-b-galact
with SuperTOPmCherry (STC) transfectants revealed activation of Wnt driven transcrip
lysates and supernatants of HEK293 cells transiently transfected with Xwnt2b–EGFPHis
antibody. In the cell lysate one prominent band at the expected size of the full-length fus
supernatant (asterisk) appearing 12 h after transfection has the size of EGFP-His and re
suppresses the proteolytic cleavage. A prominent cleavage product (asterisk) is visible 2[27,28]. Nocodazole was added to a ﬁnal concentration of 50 lM,
cytochalasin at a ﬁnal concentration of 5 lM.2.3. Western blotting
Recombinant Xwnt2b–EGFPHis fusion protein was expressed
from a pCEP-Pu vector in transfected HEK293 cells. For Western
blot analysis transfected cells were transferred to serum-free
DMEM medium one day after transfection. Conditioned medium
was then harvested after different time points and the fusion pro-
tein was precipitated by using Ni–NTA agarose beads. The agarose
beads were washed with PBS, boiled in Laemmli buffer and the
supernatant was subjected to SDS-PAGE and Western blotting
using a semi-dry blotting system. For detection of fusion proteins
an anti-His antibody was used at 1:1000 and a secondary peroxi-
dase conjugated anti-mouse antibody at 1:10.000. Lysates from
the harvested wells were used for detection of cytoplasmic fusion
protein.zWnt8-GFP mRNA were injected in both ventral blastomeres of Xenopus 4-cell stage
(B) Transfected ﬂuorophore-tagged Wnts activate the SuperTOPFlash promoter in
osidase activity. (C) Co-culture experiments of Xwnt2b–EGFP transfected HeLa cells
tion in cells adjacent to Xwnt2b–EGFP expressing cells. Scale bar: 10 lm. (D) Cell
were analysed for the presence of the transfected fusion construct with an anti-His
ion protein is visible at all time points indicated (arrow). The additional band in the
sults from proteolytic cleavage. Protease inhibitor cocktail (PIC) in the supernatant
4 h after transfection, only.
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The ﬁbroblastic Xenopus tissue culture (XTC) cell line was rou-
tinely grown in 60% Dulbeco’s Modiﬁed Eagle Medium (DMEM)
supplemented with 10% FCS in the presence of 7% CO2. XTC cells
were transfected with JetPei™ (Peqlab) according to manufac-
turer’s description, seeded on ﬁbronectin coated chamber slides
24 h after transfection and cultivated for additional 24 h. Cells
were analysed with spinning disc microscopy (Observer Z1, Zeiss)
and Axiovision 4.8.2 software (Zeiss) and ImageJ.
3. Results and discussion
3.1. Activity of a Wnt2b–EGFP fusion protein
EGFP was fused directly to the open reading frame of Xenopus
Wnt2b [24]. The ultimate test for the functionality of the
XWnt2b–EGFP fusion is to analyze its capacity to induce an ectopic
axis in the Xenopus embryo. Indeed, injection of XWnt2b–EGFP
mRNA in the ventral blastomeres of 4-cell stage embryos results
in a duplication of the axis (Fig. 1A) to a similar extent as untagged
Xwnt2b (not shown). We constructed and tested several additional
ﬂuorophore tagged Wnts, including Xwnt8–EGFP, Xwnt8-EosFP,
mWnt3A–EGFP and mWnt3A-EosFP, some with N-terminal and
some with C-terminal fusions, some with and some without a lin-
ker between the Wnt and the ﬂuorophore, but the only other ﬂuo-
rophore tagged Wnt which was active in this assay was a zebraﬁsh
wnt8–GFP fusion [25]. Similarly, among all ﬂuorophore tagged
Wnts tested, only our Xwnt2b–EGFP and Rhinn’s zWnt8-GFP acti-
vated the SuperTOPFlash (STF) promoter (Fig. 1B). In this assay,
zWnt8-GFP was more active than Xwnt2b–EGFP. This is not sur-
prising, because also untagged Wnt8 is a much better activator
of Wnt/b-Catenin signalling than Xwnt2b (data not shown). Impor-Fig. 2. Two distinct Xwnt2b–EGFP populations can be identiﬁed in the periphery of Wnt
were cotransfected with Xwnt2b–EGFP and GAP43-mCherry. Arrowheads point to localiz
Xwnt2b–EGFP moves together with the moving protrusion. (B) Xwnt2b–EGFP moves al
transfected XTC cells revealed directed movements. Coloured lines in the right picture illu
follows microtubule cables as demonstrated by the counterstaining with Tubulin-Cherry
ﬂuorescence spots, arrows mark immobile spots.tantly, we can show that the ﬂuorophore tagged Xwnt2b activates
the pathway in adjacent Wnt receiving cells. We created a ﬂuoro-
phore reporter where we replaced the luciferase reporter gene in
the STF plasmid by monomeric Cherry and demonstrated in co-cul-
ture experiments in HeLa cells (Fig. 1C) and HEK293 cells (SI1) that
this SuperTOPCherry (STC) is activated in cells next to Xwnt2b–
EGFP expressing cells. The speciﬁcity of this reporter was proven
by activation via ﬂuorophore tagged b-Catenin and dsh (SI1). Thus,
we show here for the ﬁrst time, that ﬂuorophore tagged Wnt con-
structs are active in bona ﬁde Wnt assays: the secondary axis assay
in Xenopus and the STF and STC assays. However, Western Blot
analyses of puriﬁed Xwnt2b–EGFP protein derived from the super-
natant of transiently transfected HEK293 cells revealed rapid pro-
teolysis of the secreted protein (Fig. 1D). A faster migrating
proteolytic band in the size of His-tagged EGFP appears soon after
the lull-length Xwnt2b–EGFPHis protein. This proteolytic cleavage
is retarded by adding protease inhibitors to the supernatant. Thus,
it remains elusive whether Xwnt2b–EGFP or a cleavage product
activates the pathway. However, the addition of protease inhibitors
to the supernatant did not increase the activity of Xwnt2b–EGFP in
STF assays (data not shown). Importantly, the Xwnt2b–EGFPHis
protein is cleaved only in the supernatant. We never observed a
similar cleavage product in the cell lysates of the transfectants
(Fig. 1D). Our data implicate that active XWnt2b–EGFP remains
only shortly in the extracellular space. Furthermore, any green
ﬂuorescence in the Wnt transfected cell arises from the Xwnt2b–
EGFP fusion and allows following the routes of an active protein
in the Wnt producing cell.
3.2. Localization and movements of Xwnt2b–EGFP
We used these ﬂuorophore tagged constructs to analyse
subcellular distribution and dynamics in the Wnt producingproducing cells. (A) Xwnt2b–EGFP stacks at the tip of cellular protrusions. XTC cells
ation at the very end of cellular protrusions. A–A‘‘‘‘‘ demonstrate that the tip-bound
ong microtubules. (A) Trajectories if individual ﬂuorescence spots in Xwnt2b–EGFP
strate the way single ﬂuorescent particles travelled in 25 s. The directed movement
in two representative transfected XTC cells. Arrowheads in the inlets point on mobile
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analyzed dynamics of Xwnt2b–EGFP in Xenopus tissue culture
XTC cells. Similar to what is known for other Wnts since al-
most 20 years [29] a large fraction of overexpressed Xwnt2b–
EGFP is retained in the endoplasmic reticulum. However, we
were able to identify two novel subpopulations of Wnt pro-
teins in the Xwnt2b–EGFP producing cell. One of these frac-
tions includes Xwnt2b–EGFP accumulating at the very tips of
ﬁlopodia (Fig. 2A) resembling ETs ﬁnger. This subpopulation re-
mains bound to the ﬁlopodia tips for minutes and moves to-
gether with the moving ends of the ﬁlopodia (Fig. 2A). The
long ﬁlopodia like structures might be cytonemes. But in con-
trast to the cytonemes recently studied in Drosophila imaginal
disk, which contain growth factor receptors [30,31], the ET-ﬁn-
gers shown here contain ligands.
The second mobile Xwnt2–EGFP subpopulation showed a direc-
ted movement in the cytoplasm of the transfected cells (Fig. 2B and
C). We were able to follow the trajectories of individual ﬂuoro-
phore spots over up to 50 images (with a rate of two images/s)
and calculated the average speed of these ﬂuorophore spots to
0.763 lm/s (±0.023 lm/s, n = 42). Both, directionality and speed
of the movement argument for facilitated transport along cytoskel-
etal proteins.Fig. 3. (A) The directed movement of Xwnt2b–EGFP follows microtubule cables as d
transfected XTC cells. Arrowheads in the inlets point on mobile ﬂuorescence spots, arro
depends on an intact microtubule skeleton. (B) In HEK293 cells b-Catenin activates the
does not inﬂuence on SuperTOPFlash activity. In (C) Wnt pathway activation in the presen
Catenin transfectants nocodazole treatment had no inﬂuence, promoter activity in mWnWe cotransfected our Xwnt2b–EGFP construct together with
ﬂuorphore labelled actin and tubulin constructs and analysed
which cytoskeletal proteins colocalize with the ﬂuorophore tagged
Wnt protein. While there was no colocalization of moving ﬂuoro-
phore spots with the actin cytoskeleton (data not shown), we
found a colocalization with mCherry tagged tubulin (Fig. 3A).
Next, we aimed to test whether this transport along the micro-
tubules of the Wnt producing cells indeed is necessary for robust
target gene activation in a Wnt receiving cell (Fig. 3B and C). For
this purpose we transfected HEK293 with constitutive active b-
Catenin S33A and STF and with mWnt3A and STF, respectively,
and incubated the transfectants with the nocodazole solvent DMSO
(Fig. 3B). Constitutive active b-Catenin activated the STF almost
1000-fold, mWnt3A 100-fold, DMSO had no inﬂuence. However,
treatment with nocodazole reduced STF activity in the mWnt3A
transfectants to 51% compared to the solvent-only treated cells
(Fig. 3C). This effect is speciﬁc for upstream components of the
Wnt pathway, because nocodazole treatment had no effect on
STF activity in b-Catenin transfectants. Most likely the tubulin de-
pendedmovement in theWnt producing cell is necessary for secre-
tion of activeWnt protein. If so, nocodazole treatment should block
directed Xwnt2b–EGFP movements. Indeed, we found a strong
reduction of Xwnt2b–EGFP mobility following nocodazole treat-emonstrated by the counterstaining with Tubulin-Cherry in two representative
ws mark immobile spots. (B and C) Wnt pathway activation upstream of b-Catenin
SuperTOPFlash promoter approximately 1000-fold, mWnt3A about 100-fold. DMSO
ce of DMSO was set as 1, and shown is the fold activity after nocodazole. While in b-
t3A transfectants was robustly decreased.
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the actin inhibitor Cytochalasin had no inﬂuence on the mobility
of Xwnt2b–EGFP (Fig. 4B and D, movies SI3 and SI5).
Finally, we aimed to test, whether the ﬂuorescent Wnt particles
adhere to the Wnt overexpressing cell or whether they are also vis-
ible in non-transfected cells, indicating an uptake by a Wnt receiv-
ing cell. Therefore, we performed co-culture experiments where
we mixed XTC cells transfected with Xwnt2b–EGFP and XTC cells
transfected with membrane bound GAP43-mCherry. Indeed, weFig. 4. Directed movements of Wnt particles depends on intact tubulin cytoskeleton.
snapshots of the movie SI2. (B) Treatment with 0.1% DMSO for 24 h has no inﬂuence on
hour after nocodazole treatment, microtubule organization was impared and the mobilit
movie SI4. (D) One hour after cytochalasin treatment the actin cytoskeleton was destrox
however, remained unaffected. The inlets in (D´) show snapshots of the movie SI5.could observe green ﬂuorescence spots in a mCherry stained cell
(Fig. 5). This Xwnt2b–EGFP does not remain attached to the Wnt
receiving cell, but instead moves in it (Fig. 5) together with the
retracting protrusions (movie SI6). The extracellular immobile
ﬂuorescence spots might represent products of extracellular
cleavage.
Taken together, our data suggest that active Xwnt2b–EGFP is
transported along the microtubules to the plasma membrane and
handed over to aWnt receiving cell where it is rapidly internalized.(A) Xwnt2b–EGFP moves along the microtubule skeleton. The inlets in (A´) show
Xwnt2b–EGFP mobility. The inlets in (B´) show snapshots of the movie SI3. (C) One
y of the fusion protein was strongly reduced. The inlets in (C´) show snapshots of the
ed as shown by the cotransfected mRFPrubyliveact. The movemt of Xwnt2b–EGFP,
Fig. 5. XTC cells take up Xwnt2b–EGFP particles from adjacent cells. Xwnt2b–EGFP transfected XTC cells were mixed with GAP43-mCherry transfectants and analysed in
spinning disc microscopy whether ﬂuorophore particles appear in GAP43-mCherry transfected cells. (A) Overview of a Xwnt2b–EGFP expressing cell (green) and a Xwnt2b–
EGFP receiving cell (red). Scale bar: 10 lm. (A‘) magniﬁcation of the inlet in (A). Arrowheads in (A‘) indicates the position of individual moving Xwnt2b–EGFP particles in the
Wnt receiving cells over a total of 17.5 min. The corresponding movie is in SI6.
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